Thermal resistance of intracellular and freely suspended Listeria monocytogenes that was associated with a milkborne outbreak of listeriosis was studied by using the sealed tube and slug flow heat exchanger methods. Test temperatures for the former method were 57.8, 62.8, 66.1, and 68.9.C (136, 145, 151, and 156°F, respectively); whereas those for the latter method were 66.1, 68.9, 71.7, and 74.4AC (151, 156, 161, and 166°F, respectively). The heating menstruum was sterile, whole milk. The intracellular inoculum was generated from an in vitro phagocytosis reaction by using endotoxin-induced bovine milk phagocytes. The 
Listeria monocytogenes is a gram-positive, non-sporeforming, aerobic to facultatively anaerobic, rod-shaped bacterium that is pathogenic to humans and animals. In humans, listeriosis is typically manifested as septicemia, meningitis, or abortion and occurs predominantly in neonates and immunosuppressed individuals. Infected animals that are symptomatic or asymptomatic may excrete L. monocytogenes -in milk, blood, and feces (9) . Humans presumably acquire listeriosis from direct contact with infected animals, but several recent outbreaks have confirmed an indirect transmission from animals to humans through consumption of contaminated food products (14, 27) . The first of these outbreaks to be documented occurred in Nova Scotia, Canada, in 1981. Case studies revealed that cabbage used to prepare cole slaw, the implicated vehicle, was grown in soil fertilized with sheep manure from an infected herd (27) .
Dairy products have since been identified as vehicles of infection in two recent human outbreaks of listeriosis. Between 30 June and 30 August 1983, 49 people in Massachusetts were hospitalized with septicemia or meningitis caused by L. monocytogenes serotype 4b; mortality was 29%. Results of epidemiological studies have shown that disease was strongly associated with the drinking of a certain brand of pasteurized whole or 2% fat milk, although L. monocytogenes was never detected in the finished dairy products. The implicated milk came from farms where listeriosis was detected in dairy cows, but neither evidence of faulty pasteurization nor postpasteurization contamination was * Corresponding author.
found at the dairy plant where the milk was processed. These findings raised questions concerning the efficacy of pasteurization for eliminating L. monocytogenes in contaminated bovine milk (14) . Another fatal outbreak of listeriosis (50 deaths) that was attributed to Mexican-style cheese occurred in Los Angeles and Orange counties, Calif., between January and June 1985. Sanitary conditions at the processing dairy, however, have strongly suggested the likelihood of postpasteurization contamination in this outbreak (17) . These incidents have stimulated a reexamination of the thermal resistance of L. monocytogenes in fluid milk.
The literature on the heat resistance of L. monocytogenes has expanded, with widely conflicting results. The unusual heat resistance of this organism in whole milk (1, 4, 7, 11, 25) and meat (19) (2) .
The pathogenesis of L. monocytogenes, particularly the facultative intracellular characteristic, has led epidemiolo-gists to speculate that intracellular position may protect this organism from thermal inactivation during pasteurization (14) . Mastitic cows excrete high levels of somatic cells compared with normal cows; and the phagocytic cells that are present, neutrophils and macrophages, could concentrate large numbers of organisms, obscuring bacterial CFU from milk. In an early study (18) , naturally infected milk from cows containing 103 to 104 L. monocytogenes cells per ml was heated in a commercial-style pasteurizer; viable organisms were not detected in the end product. No attempt was made in that study to determine the level of intracellular L. monocytogenes, although the source infers an intracellular potential. Milk from experimentally infected cows containing 102 to 104 L. monocytogenes cells per ml was also processed in a commercial-type plate pasteurizer; survivors were detected in the pasteurized product on enrichment. A range of 1.5 to 9.2 L. monocytogenes cells was seen in each infected phagocyte (<0.1% infectivity) before the heat studies (11) . Parallel heat experiments in raw, whole milk in which freely suspended bacteria and bacteria internalized by murine peritoneal phagocytes were used were performed in sealed glass tubes (4) . The thermal inactivation kinetics of these two bacterial cell treatments were analyzed statistically, and no significant difference was found; postheating survival was not detected for vat pasteurization, nor was it indicated for HTST pasteurization.
In this study we examined the thermal inactivation kinetics of freely suspended and intracellular L. monocytogenes; the latter was done within a homogeneic cell population by using both the sealed tube (ST) and slug flow heat exchanger (SF) methods. Sterile, whole milk was the heating menstruum because it afforded us the opportunity to maximally detect heat-stressed L. monocytogenes, which were free from a contaminating background, by using the best recovery system that we have determined to date.
( The isolates from these systems were confirmed as L. monocytogenes as described previously (21) .
Statistical analysis of the results of the thermal inactivation studies was performed by the procedure described by Bradshaw et al. (3) . In addition, the residuals from the linear regression analysis were screened for outliers and influential values (12) ; the latter were defined as determinations that most affected the stability of the slope of the line and, consequentially, the D value.
RESULTS
Uptake of L. monocytogenes by endotoxin-induced phagocytes of bovine origin. To generate the large quantity of bovine phagocytes needed to conduct the phagocytic assays and the subsequent thermal inactivation studies, it was necessary to stimulate phagocyte production in milk through the intramammary infusion of E. coli endotoxin. Average yields of phagocytic cells collected 24 (Fig. 1, Table 3 
DISCUSSION
The thermal resistance properties of L. monocytogenes in fluid milk have been studied intensely and debated since the 1983 outbreak in Massachusetts, where epidemiologists indirectly implicated pasteurized whole and 2% fat milk and speculated that the intracellular position of this bacterium, within phagocytic cells shed in milk from cows, could afford heat protection (14) . We examined this question of intracellular protection by determining the thermal inactivation kinetics of freely suspended and intracellular L. monocytogenes by using two heating techniques: the immersed ST method (3, 24) and the SF method (29 (Tables 1 to 3 and Fig. 1 and 2 background flora afforded us the ability to optimally detect monocytogenes in milk that was obtained from artificially heat-stressed cells and to determine the actual number of infected cows and that was heated in a commercial-scale viable intracellular L. monocytogenes cells by a differential pasteurizer at the HTST minimum-range parameter (71.7 to plating method on nonselective agar. The findings of Doyle 73.9°C for 16.4 s). The level of intracellularity in the present et al. (11) , however, may be explained by physiological study, however (42% infectivity at 26 bacteria per cell), was differences of the organism in vivo, either intracellular or much higher than that in the latter study (11) (<0.1% free living, a circumstance that has not been definitively infectivity at 1.5 to 9.2 bacteria per cell), suggesting that we proven for the heat resistance of L. monocytogenes but that should have detected a very significant difference in heat cannot be overlooked. Therefore, under the defined parameresistance between intracellular and freely suspended L.
ters used in this study, the intracellular position of L. monomonocytogenes. The immunohistochemical approach of cytogenes did not significantly augment heat resistance. Doyle et al. (11) to the enumeration of intracellular L.
The question of intracellular heat protection may be a monocytogenes, however, may not have been optimal. moot point because in both this study and that of Doyle et al. (Tables 1 to 3 ), suggesting that a large inoculum of L. monocytogenes could survive commercial pasteurization whether it was intracellular or freely suspended. These data imply a greater heat resistance for this organism than has been reported previously. In general, the ZD values generated in this study for either the freely suspended or intracellular thermal death time curves ( Fig. 1  and 2 ) are high (5.6 to 8.0°C), exceed typical values for vegetative cells, and approach a range normally found for spores (22, 24) . These ZD values, however, are not tremendously higher than some values previously reported for L. monocytogenes (3, 4, 9) and other nonsporeformers (22, 31) .
Mean D values with higher coefficients of variation may be responsible for inordinately raising some ZD values. Other mitigating factors that also appear to affect thermal resistance studies for L. monocytogenes are discussed below. Devices that are commonly used to study thermal inactivation of microorganisms differ in principles of function and provide optimal data only for certain holding times. For example, the ST method was used in this study to examine longer heating times, which are required for the lower heating temperatures needed in vat pasteurization. The SF method was used to study shorter heating times, which are required at the higher heating temperatures used in HTST processing (24, 29, 30) . The ST method is valid for examining the thermal resistance of a milk pathogen at vat pasteurization time and temperature parameters (10, 14, 23) , but extrapolation to the HTST pasteurization range, instead of actual measurement, is scientifically inappropriate. Therefore, direct methods to determine inactivation within the HTST pasteurization range in a laboratory setting, such as in the SF system, were developed (29, 30) . Because come-up and come-down times are almost instantaneous (-1.3 s) in the SF system, the data that were obtained were minimally affected by correction factors.
The difference in the D process of inactivation of L. monocytogenes at 71.7°C for 15 s versus that at 62.8°C for 30 min, which are the pasteurized milk ordinance parameters for HTST and vat pasteurization, respectively (15), was expected in this study since, in terms of pasteurization guideline history, the two sets of parameters were never deemed synonomous. The HTST minimal standard resulted from considerations of high temperature on flavor and texture, practical experience, and numerous inactivation experiments with several microorganisms, particularly Mycobacterium tuberculosis and Brucella abortus, in milk at high processing temperatures. The parameters for vat pasteurization resulted from heat studies with Coxiella burnetii in raw milk. The pasteurization curve for milk generated with these two parameters has a slope (z = 4.3°C [7.7°F] (11) .
Sterile milk was used as the heating menstruum in this study to analyze specifically the question of intracellular protection, free from a contaminating background. This circumstance also facilitated the recovery of heat-stressed organisms. Raw milk carries a variable background flora which could compete with L. monocytogenes during and after heat treatment; it also possesses inhibitory substances (e.g., lysozyme, the lactoperoxidase-thiocyanate-hydrogen peroxide system) which could affect the infectivity levels and the ability of L. monocytogenes to recover after heat processing. We are currently examining the thermal inactivation of intracellular L. monocytogenes within a homogeneic phagocyte population that is suspended in raw milk to address any potential discrepancy.
Finally, recovery and detection systems play a strong role in determining the heat resistance of L. monocytogenes. Several techniques for detecting Listeria spp. from a highly contaminated background in food have been published (3, 6, 8, 11, 20, 21, 26) ; but none have strictly addressed the heat-stressed variable (16) , and optimal conditions for recovery remain to be delineated. In this regard, the highest count of L. monocytogenes shed by a naturally or artificially infected cow remains 1 x 104 to 2 x 104 bacteria per ml (7, 11, 18) . When 
